Oral mucositis (OM) is a complication of high-dose chemotherapy (HDC) which is frequently observed in hematopoietic SCT settings. Antioxidant agents have been proposed to prevent OM and therefore N-acetyl cysteine (NAC) could have an important role. In the present study, we conducted a double-blind, randomized, placebo-controlled study to evaluate the NAC effect on OM incidence and severity, and also glutathione peroxidase-1 activity. Leukemia patients undergoing allogeneic hematopoietic SCT preceded by HDC were recruited into the study and received either NAC (100 mg/kg/day) (n = 38) or placebo (n = 42) from the starting day of HDC until day +15 after transplantation. OM was evaluated daily for 21 days after transplantation according to World Health Organization oral toxicity scale. The incidence of severe OM (grades 3-4) was significantly lower in the NAC group (23.7% vs 45.3%, P = 0.04). Moreover, the mean duration of OM was significantly shorter in the intervention group (6.24(2.96) vs 8.12(3.97) days, P = 0.02). The glutathione peroxidase-1 activity was also significantly higher in the NAC group seven days after transplantation (3.38(2.19) vs 2.41(1.70) ng/mL, P = 0.003). It is concluded that parenteral NAC is effective in reducing the incidence of severe cases and the total duration of OM.
INTRODUCTION
Hematopoietic SCT, as a valuable treatment for hematologic malignancies, is the transplantation of multipotent hematopoietic stem cells derived from BM, peripheral blood or umbilical cord blood. 1 Before hematopoietic SCT, patients receive a high-dose, usually myeloablative, chemotherapy regimen (high-dose chemotherapy, HDC) that is associated with numerous side effects. One of the most common complications of this regimen is oral mucositis (OM) and literature shows that 75% of allogeneic hematopoietic SCT recipients may develop severe OM. 2 Probable consequences of OM include pain, increased risk of infection, impaired nutritional intake and prolonged hospitalization. 3 OM is characterized by mucosal damage ranging from mild inflammation to extensive ulceration. OM typically occurs between day 6 and 12 post transplantation, and the recovery usually coincides with engraftment time. 4 The pathogenesis of OM encompasses direct damage to epithelial and submucosal cells and the inflammatory response to HDC. Activation of nuclear factor kappa B and increasing levels of cytokines including IL-1β, IL-6 and TNF-α have been reported to facilitate development of OM. 5 Furthermore, chemotherapy generates oxidative stress and reactive oxygen species that damage mucosal cells. 6 Thus, the use of antioxidant compounds may be effective in reducing the incidence or severity of this complication. There are several studies regarding the effects of antioxidant agents such as vitamin E, β-carotene, selenium and zinc sulfate with different results on prevention of OM induced by chemotherapy and/or radiation therapy. [7] [8] [9] [10] N-acetyl cysteine (NAC), an antioxidant containing thiol groups, is a form of amino-acid cysteine, which is widely used as mucolytic agent or an antidote for acetaminophen overdose hepatotoxicity. NAC stimulates glutathione synthesis and scavenges free radicals. 11 This compound is taken up by N-deacetylase, hydrolyzed to form cysteine and is used for glutathione synthesis. 12 Afterwards, glutathione peroxidase enzyme family, particularly glutathione peroxidase-1, utilizes glutathione to protect cells from oxidative damage. 13 Some animal studies have shown that the use of NAC may decrease production of reactive oxygen species, myeloperoxidase activity and xanthine dehydrogenase/xanthine oxidase activity (sources of reactive oxygen species).
14 Furthermore, NAC prevents activation of nuclear factor kappa B that increases the inflammatory response. 15 NAC is usually well tolerated with mild side effects, including nausea, abdominal pain, flushing and pruritus. However, rare anaphylactoid reactions may occur with higher doses being administered intravenously. These side effects abate shortly after NAC discontinuation or administration rate reduction. 16, 17 In a study using high doses of parenteral NAC for early liver toxicity of allogeneic hematopoietic SCT, no infusion-related toxicity or side effects were reported. 18, 19 Few animal and clinical studies exist on the efficacy of NAC for prevention of radiation-induced OM and they have shown promising results in reducing OM severity using a topical formulation. 20, 21 However, no studies have evaluated the effect of NAC on incidence and severity of HDC-induced OM in patients undergoing hematopoietic SCT. Therefore, we conducted a randomized clinical trial to investigate the efficacy of parenteral NAC on the prevention of OM in allogeneic hematopoietic SCT patients. In addition, the activity of glutathione peroxidase-1 was assayed in the study subjects.
MATERIALS AND METHODS

Study design
We performed a double-blind, randomized, placebo-controlled clinical trial to evaluate the efficacy of parenteral NAC on the prevention of OM in patients undergoing hematopoietic SCT. The study was conducted at the 
Patients
Adult patients with AML, ALL or myelodysplastic syndrome (MDS) were recruited into the study and received BU and CY before allogeneic hematopoietic SCT. Patients had normal cardiac, hepatic and renal functions and were at least 18 years old. Patients who had a Karnofsky performance status o70% were excluded from the study.
Demographic parameters including age, sex, weight, height, type of disease and complete remission rate were recorded for each patient. Chemotherapy regimen and supportive care for patients were performed according to the institutional clinical protocol. The HDC included BU 4 mg/kg per os in divided doses daily for 4 days (total dose 16 mg/kg) followed by CY 60 mg/kg once daily i.v. for 2 days (total dose 120 mg/kg). OM prevention protocol included oral hygiene care in addition to 20 drops of nystatin every 3 h, a chewable tablet of sucralfate 500 mg every 8 h and mouthwashes containing 10 mL chlorhexidine 0.02% plus 10 mL diluted povidone iodine every 3 h for all patients.
Study groups
The intervention group received 100 mg/kg body weight injectable NAC (Exir Pharmaceuticals Company, Boroujerd, Iran, 2g/10 mL ampoules) that was diluted in 500 mL dextrose solution 5% and administered as an intravenous infusion over 3 h every day, from the starting day of HDC until day +15 after transplantation. The control group received placebo (Exir Pharmaceuticals Company, 10 mL sterile water for injection ampoules) that was added to 500 mL dextrose solution 5%. One of the researchers, who was not involved in the assessment of study outcomes, allocated the recruited patients to their study groups and supplied the NAC or placebo to the patients' medication containers. The staff nurses who were involved in preparation of the solutions were not blind in the study due to sulfur-like odor of NAC but they were asked not to inform the investigators about patients' status in the study. The study participants, the attending physician and the outcome assessor were all blind in the study.
The sample size was calculated on the basis of previous reports on the incidence of grade 2-4 OM in the study population (60%). We assumed that NAC may reduce OM incidence to 30%, considering a confidence interval of 95%, and a statistical power of 80%. 9, [22] [23] [24] Forty participants were required in each study group and balanced block randomization method was used to allocate patients to the study groups.
Primary outcome OM incidence, severity and duration were assessed as primary study outcomes using five-grade World Health Organization (WHO) oral toxicity scale (Grade0: none; Grade1: soreness ± erythema; Grade2: erythema, ulcer and patient can swallow solid food; Grade3: ulcer with extensive erythema and patient cannot swallow solid food; Grade 4: mucositis to the extent that alimentation is not possible). 25 Each patient was assessed on a daily basis under supervision of the attending physician from the starting day of HDC to 21 days after transplantation or until OM was resolved.
Secondary outcomes
Hematologic factors including the duration of ANC under 500 cells/mm 3 , neutrophil and platelet engraftment time (the time point after transplantation at which a patient can maintain a sustained ANC of >500 cells/mm 3 and a sustained platelet count of at least 20 000/mm 3 lasting for three consecutive days without transfusions) during hospital stay were measured. The number of platelet and packed cell units transfused during hospitalization were also documented. Kidney and liver dysfunction were evaluated during the study period until day +15. Liver aminotransferases including aspartate aminotransferase and alanine transaminase were assessed daily. Serum creatinine levels were also monitored daily and acute kidney injury occurrence was evaluated on the basis of RIFLE criteria. 26 The incidence and duration of fever was documented during hospitalization. The length of hospital stay, incidence of acute GVHD, and relapse/mortality rate at 3 months follow-up were recorded.
Laboratory procedures
Glutathione peroxidase-1 activity was determined before and during NAC administration (seven days after transplantation). Accordingly, blood samples were collected in two phases: before starting HDC and 7 days after transplantation. For assaying glutathione peroxidase-1 activity, blood samples (1 mL) were collected in EDTA tubes and centrifuged for 15 min. The plasma was removed and stored at − 70°C. The activity was measured on the basis of ELISA method using glutathione peroxidase-1 assay kit (Biovendor, Brno, Czech Republic; LOT: X13-196).
Data analysis
Variables were compared between the two groups with independent samples t-test and Mann-Whitney test. P-values o0.05 were considered as statistically significant. A one-way analysis of covariance (ANCOVA) was conducted for comparison of plasma glutathione peroxidase-1activity observed on day +7 of transplantation, between two groups, adjusting for plasma glutathione peroxidase-1 activity at baseline. The underlying assumptions of normality and homogeneity of variances for the one-way ANCOVA were confirmed before final analysis.
RESULTS
A total of 83 eligible patients were enrolled and 80 patients (38 in the NAC group and 42 in the placebo group) completed the study. Three patients in the NAC group were excluded at the start of treatment due to adverse events (abdominal pain and headache). Flow of study participants is illustrated in Figure 1 . No significant differences were observed in demographic and baseline characteristics between study groups ( Table 1 ). The use of parenteral opioid analgesics were not significantly different between study groups (4/38 patients in the NAC group vs 7/42 patients in the control group, P = 0.43).
Clinical findings
The incidence of OM (grade 1-4) in the NAC group and control group was not significantly different (92.1% vs 97.6%, P = 0.34). Seven patients in the control group experienced OM grade 4 whereas none of the patients in the NAC group developed this grade of OM. The incidence of severe OM (grades 3 and 4) was significantly lower in the intervention group (P = 0.04). The frequency of OM grades in the study groups is illustrated in Figure 2 . The mean (s.d.) duration of OM was significantly shorter among the NAC recipients (6.24(2.96) days vs 8.12(3.97) days, P = 0.02). There was no significant difference in the time to onset of OM between two groups. The effect of NAC on OM is summarized in Table 2 .
NAC did not affect hematological recovery and all patients in this study had successful engraftment. No difference was observed between two groups regarding the neutrophil and platelet engraftment time. Fever >38.3°C was observed in 72 (90%) patients. Fever duration was similar in two groups (P = 0.13) ( Table 3 ). The median duration of hospitalization did not differ between groups (P = 0.14). The relapse rate (two patients in the control group vs one patient in NAC group) and mortality rate (two patients in the control group vs two patients in NAC group) were similar between the two groups at 3-months follow-up. No significant differences were observed between the two groups in other transplant-related end-points such as the incidence of acute GVHD or its severity, acute kidney injury occurrence and liver enzymes elevation (Table 4) .
We also analyzed the incidence of adverse reactions and toxicities associated with NAC. The results revealed that NAC administration may not be associated with higher incidence of abdominal pain, cough, chest tightness/dyspnea and nausea/ vomiting (Table 5) .
Laboratory findings
The baseline activity of glutathione peroxidase-1 was not significantly different between NAC and control groups (2.35 (1.33) vs 2.76(1.21)ng/mL, P = 0.16). ANCOVA showed a significant higher plasma glutathione peroxidase-1 activity on 
DISCUSSION
Treatment modalities for chemotherapy-induced OM are limited and prevention is the mainstay in managing this complication. 27 Among different agents that have been used to prevent OM, keratinocyte growth factor (palifermin) and cryotherapy have shown some advantages. Sucralfate has also been shown to be effective in reducing the severity of mucositis but other interventions such as aloe vera, amifostine, intravenous glutamine, G-CSF, honey, laser and antibiotic lozenges containing polymixin/ tobramycin/amphotericin (PTA) have shown weaker evidence of benefit. 28 Antioxidant agents possess some benefits in the prevention of OM. Amifostine, an antioxidant and cytoprotective agent, has been evaluated in several studies for prevention and treatment of OM but there is little evidence to show that amifostine may prevent OM. 23, 28, 29 Moreover, one of the main concerns about amifostine administration is the possibility of several adverse reactions including nausea, vomiting and hypotension. 30 Zinc is another antioxidant, which was reported to prevent the occurrence of OM in patients with head and neck cancer who were undergoing radiotherapy. 10, 31 However, our previous study revealed that zinc sulfate could not have any clinical benefits to the prevention of OM or reduction of its severity. 22 In a study by Jahangard-Rafsanjani et al. 9 on the efficacy of selenium for the prevention of OM, selenium reduced the incidence and the duration of severe OM (grades 3-4) .
In the present study, our results showed that NAC can significantly reduce the incidence of severe OM (grades 3-4) after HDC in adult patients undergoing allogeneic hematopoietic SCT. In addition, we noted that no patient in the NAC group developed grade 4 OM, the most unbearable form of OM, in which oral alimentation is impossible. These findings are in agreement with the results of the study performed by Jahangard-Rafsanjani et al.
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Our results with NAC is also comparable with palifermin, which has been shown to reduce the incidence of grade 4 OM. 32 Palifermin is currently the only drug approved by the US Food and Drug Administration for the prevention of OM in patients with hematologic malignancies who receive HDC. 33 In comparison with palifermin, NAC is relatively inexpensive and has no considerable interactions with antineoplastic drugs. [34] [35] [36] [37] In our study, the overall duration of OM was also significantly shorter in the NAC group whereas in Jahangard-Rafsanjani et al. 9 study, only the mean duration of severe OM (grade 3-4) was significantly lower in the intervention group (selenium). However, none of the agents could alter time to onset of OM.
Hematological indices, such as duration of neutropenia, neutrophil and platelet engraftment time were similar between study groups. These results are comparable with Thieblemont et al. 23 study of amifostine in hematopoietic SCT patients. There were no significant differences in the incidence of fever and length of hospital stay between the two groups. These results are in line with studies performed by Jahangard-Rafsanjani et al., 9 Thieblemont et al. 23 and Nasilowska-Adamska et al. 38 evaluating the effect of amifostine, palifermin and selenium on OM in hematopoietic SCT settings. The incidence or severity of acute GVHD did not differ between the NAC and the control groups. These findings are similar to the results of a study conducted by Barkholt et al., 18 in which NAC was administered for early liver toxicity after allogeneic hematopoietic SCT.
We observed significant improvement of glutathione peroxidase-1 activity in the NAC group 7 days after transplantation An elevation was defined as more than three times of the upper limit of normal range value for each enzyme. 
Effect of N-acetyl cysteine on oral mucositis A Moslehi et al that could justify the NAC efficacy for the prevention of OM. 39 These findings are similar to a study by Mantovani et al., 40 which reported the effect of NAC treatment on glutathione peroxidase activity in cancer patients.
We chose the highest human safe dose of NAC determined in the literature and on the basis of the study by Barkholt et al. 18 Although three patients in the NAC group were excluded at the start of treatment due to adverse events, our study showed that NAC can be well tolerated by patients undergoing hematopoietic SCT. We did not observe any severe side effects, such as anaphylactoid reaction, and the prevalence of possible NAC adverse drug reactions was similar in both study groups. [16] [17] It is in line with the study by Barkholt et al. 18 in which no infusionrelated toxicity or side effects were reported following administration of high doses of parenteral NAC in hematopoietic SCT patients. We used the injectable form of NAC because oral administration of 100 mg/kg/day of NAC in the form of 200 or 600 mg tablets seemed to be unfeasible. Oral ingestion was also assumed to be intolerable by patients who were suffering from gastrointestinal complications of HDC.
The present study was a rigorous randomized placebocontrolled clinical trial with adequate consideration for investigator blinding and concealment of allocation. However, it was a limitation of our study not to evaluate gastrointestinal mucositis. Although the study sample size was suitable to evaluate the efficacy of NAC for the prevention of OM, it was not large enough to investigate uncommon adverse reactions of high-dose parenteral NAC. Furthermore, our findings should be interpreted considering the fact that the routine OM prevention protocol in our center does not comply with the MASCC and NCCN guidelines.
In conclusion, the results of the present study indicate that NAC could be nominated as a prominent antioxidant agent for prevention of severe OM. Further prospective clinical trials are necessitated to evaluate the comparative efficacy and safety of NAC with the other effective antioxidants, such as selenium for the prevention of OM. Moreover, lower doses of NAC and possible adverse drug reactions should be investigated for the prevention and management of OM in large study populations.
